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Examining foliar nutrient concentrations after fertilization provides an alternative method
for detecting nutrient limitation of ecosystems, which is logistically simpler to measure
than biomass change. We present a meta-analysis of response ratios of foliar nitrogen
and phosphorus (RRN, RRP) after addition of fertilizer of nitrogen (N), phosphorus (P),
or the two elements in combination, in relation to climate, ecosystem type, life form,
family, and methodological factors. Results support other meta-analyses using biomass,
and demonstrate there is strong evidence for nutrient limitation in natural communities.
However, because N fertilization experiments greatly outnumber P fertilization trials, it is
difficult to discern the absolute importance of N vs. P vs. co-limitation across ecosystems.
Despite these caveats, it is striking that results did not follow “conventional wisdom” that
temperate ecosystems are N-limited and tropical ones are P-limited. In addition, the use
of ratios of N-to-P rather than response ratios also are a useful index of nutrient limitation,
but due to large overlap in values, there are unlikely to be universal cutoff values for
delimiting N vs. P limitation. Differences in RRN and RRP were most significant across
ecosystem types, plant families, life forms, and between competitive environments, but
not across climatic variables.
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INTRODUCTION
Soil nutrient availability is a factor that defines the structure, function, and dynamics of many
terrestrial ecosystems, particularly in those where nutrients are limited. The primary experimental
approach used to determine soil nutrient limitation has been fertilization experiments (Tanner
et al., 1998; Sullivan et al., 2014). At a species level, and from an evolutionary perspective,
fertilization experiments seek to examine the relative importance of intra- and interspecific
competition for abiotic resources. At ecosystem and global levels, fertilization experiments confirm
biogeographic patterns of nutrient limitation, relating patterns to climate, substrate age, and other
physical factors (Crews et al., 1995; Laliberté et al., 2012).
Most fertilization studies focus on plant biomass as the response variable, with increased growth
after fertilization defining limitation (Eviner et al., 2000; Sullivan et al., 2014). However, foliar
nutrient concentrations are another valuable way to assess nutrient limitation because numerous
studies demonstrate that they reflect soil nutrient concentrations at spatial scales of single sites
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(Shaver and Melillo, 1984; Valentine and Allen, 1990) and across
chronosequences, environmental gradients, and ecosystem types
(Vitousek, 1998; Han et al., 2005; Parfitt et al., 2005; Townsend
et al., 2007; Ordoñez et al., 2009; Cleveland et al., 2011). When
foliar nutrients are assessed as one-time measurements it is
difficult to use them as evidence of nutrient limitation, because
of the tremendous variation among study sites and the lack of
universal cutoff values that indicate limitation. However, when
foliar nutrients are assessed in relation to a fertilization event,
they represent an alternative window on nutrient limitation
(Güsewell and Koerselman, 2002; Wardle et al., 2004; Ågren,
2008; Sullivan et al., 2014). It is often easier and faster to
collect foliar nutrient data before and after fertilization that it
is to measure changes in biomass, plant height, or other size
characteristics (Koerselman and Meuleman, 1996).
We present a meta-analysis of the fertilization studies that
have measured foliar nutrient concentrations, to develop insights
about nutrient limitation. In this review we limit our conclusions
to proximate nutrient limitation (sensu Vitousek et al., 2010),
in which fertilization is performed to measure the response of
a biological process, rather than ultimate nutrient limitation
where nutrient addition leads to whole-scale ecosystem change,
such as species replacement. Meta-analysis is a tool that allows
for detection of broad-scale patterns, not only through the
inclusion of multiple studies, but through statistical techniques
that account for differences in power and sample size among
studies (Rosenberg et al., 2000). Recent examples ofmeta-analysis
have examined plant biomass responses to fertilization (e.g.,
Elser et al., 2007; Vadeboncoeur, 2010; Harpole et al., 2011)
but none to date have taken advantage of the large data sets
available on foliar nutrient concentrations. We concentrate on
nitrogen (N) and phosphorus (P) because they are the two
most limiting nutrients to plants, and large amounts of foliar
N and P data exist in the ecological literature. We present data
either as: (1) response ratios (ratio of foliar nutrients in fertilized
treatment to control treatment) or (2) ratios of nitrogen-to-
phosphorus (hereafter N:P). Response ratios are a tractable way
to compare nutrient responses, consistent with other meta-
analyses on nutrient limitation (Elser et al., 2007). Because the
response ratio index is a relative measure, it allows for cross-
study comparisons that employ different methodologies and
experimental designs (e.g., greenhouse vs. field studies), and
additionally it was found to have great capabilities in detecting
truly significant effects (Lajeunesse and Forbes, 2003). N:P values
are included because foliar N:P appears to be correlated with
N:P supply in both aquatic and terrestrial ecosystems and it
has been suggested that specific N:P values isolate the type
of limitation (i.e., N limitation, P limitation, or co-limitation;
Redfield, 1958; Koerselman and Meuleman, 1996; Sterner and
Elser, 2002; Tessier and Raynal, 2003; Güsewell, 2004). These
ratios are prevalent in stoichiometric theory, which predicts that
organisms have ideal proportions of chemical elements based
on their metabolic requirements (Elser et al., 1996; Sterner and
Elser, 2002; Ågren, 2008), that is consistent among organisms
ranging frommarine phytoplankton, terrestrial plants, and insect
herbivores (Broadley et al., 2004; Güsewell, 2004; Karpinets et al.,
2006).
We hypothesize that response ratios will differ in magnitude
for N and P, given differences in their plant use and
bioavailability. We base our hypothesis on the fact that plants
have separate adaptations for maximizing N and P uptake
(Wassen et al., 2005; Lambers et al., 2008; Hayes et al., 2014),
and on studies that have suggested differential plant use of
soil N and P when assimilated into leaf tissue (Güsewell and
Koerselman, 2002; Townsend et al., 2007; Ostertag, 2010).
Potential explanations could relate to the ability of plants to
store P more effectively than N (Ostertag, 2010) or the inability
to downregulate P uptake under high P supply. The latter
mechanism has been supported by experimentally demonstrating
P toxicity after P addition, for species from P-poor environments
(Musick, 1978; Shane et al., 2004; Lambers and Shane, 2007;
Standish et al., 2007; de Campos et al., 2013). We further
hypothesize that any differences in response ratios between the
two elements and within a given nutrient can be explained by:
(1) climate, ecosystem type, and the competitive environment of
the study (whether plants were fertilized as individuals, under
intraspecific competition, or under interspecific competition),
and (2) variables relating to species characteristics such as life
form and family. Understanding the causes of variability in foliar
nutrient concentrations is of primary ecological importance
because leaf nutrients can predict resource capturing attributes,
whole-plant functions, net primary productivity, and rates of
nutrient cycling (Wright et al., 2005).
METHODS
Studies pertaining to foliar N and P response to fertilization were
identified by searching combinations of the following key words:
foliar, nitrogen, phosphorus, leaf, litter, fertilization, foliage, and
fertilizer, in titles and abstracts using the Biological Abstracts
search engine. Articles published up to the year 2011 were
included in this meta-analysis. The search procedure resulted
in 201 articles that contained relevant data. Only fertilization
experiment studies were included (as opposed to natural
fertility gradients) and studies needed to report foliar nutrient
concentrations under both fertilized and unfertilized (control)
conditions. The fertilization studies could have experimentally
fertilized with N, P, and/or N and P. We did not classify
fertilization methods beyond the nutrient added for several
reasons. While we initially wanted to contrast organic vs.
inorganic fertilizations, almost all studies added fertilizer in
an inorganic form, making a comparison untenable. Studies
diverged widely in the rate and timing of application, in ways
that were often specifically chosen to complement ecosystem
characteristics, but that made it difficult to develop categorical
variables across studies. Many studies had multiple dosages of
fertilizer applied and we addressed this methodological issue by
including only the entries responding to the highest dosage for
a given study. Finally, our focus is ecological, so we included
studies in natural ecosystems, greenhouses, or forestry studies but
excluded cropland studies.
Because fertilization methodology varied considerably, we
express the response variables as ratios that describe the nutrient
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concentration of plants after fertilization divided by the nutrient
concentration of unfertilized plants. Utilizing ratios enabled
comparisons to be made across a wide range of relevant studies.
The ln-transformed response ratio (RR) was calculated for all
foliar N and P data using the following equations:
RRN = ln (foliar [N] in fertilized treatment (either +N,
+P, or +NP)/foliar [N] in unfertilized treatment)
RRP = ln (foliar [P] in fertilized treatment (either +N,
+P, or +NP)/foliar [P] in unfertilized treatment)
A summary of relevant information from each publication was
entered into an Excel sheet. Foliar N and P concentrations of
the control and treatments were entered either on a mass (mg/g)
or area (mg/m2) basis, yet the sample size of values entered by
area was too small to analyze. Bytescout Graph Digitizer Scout
1.2.4 was used to identify foliar N and P concentrations when
presented in graphical form within the publications.
Appendices A, B in Supplementary Material provides the
variables by which the ln of foliar N and foliar P were analyzed.
Ecosystem type was determined based on what was described by
authors in their site descriptions, or if that was unavailable we
used prior knowledge based on latitude and geography to assign
an ecosystem class. Forest was considered tropical if it fell in
between 23.5◦N and S and Arctic Tundra was designated if the
site was at ≥66◦N; dry forest was defined as <1000mm mean
annual precipitation (MAP) and wet forest as >2500mm MAP.
Other descriptors such as montane and alpine were determined
based on topographic position. In addition to ecosystem type we
analyzed abiotic factors, temperature and precipitation, as well
as organism categorizations, family and life form. Lastly, we only
included field fertilization studies but noted the neighborhood in
which plants were fertilized. Fertilization could have occurred on
individual plants, or on multi-individual monocultures (subject
to intraspecific competition) or on mixtures (interspecific
competition on a plot level).
One common feature of data used for meta-analyses is that
studies differ in their sampling effort and taking not only the
mean but also sample sizes and variance into consideration has
been recommended (Gurevitch and Hedges, 2001). We did this
using MetaWin v. 2 (Rosenberg et al., 2000). We first calculated
effect sizes (i.e., response ratios) with corresponding variances
and then determined significance based on the Qbetween term.
We used a random effects model which is considered more
appropriate for ecological studies (Adams et al., 1997). Themodel
consisted of 5000 resampling tests. Data are presented as means
and 95% confidence intervals. Metawin analysis provides a P-
value for each test conducted, yet mean comparisons output
is not provided. Therefore, we inferred significant differences
between the categories analyzed based on non-overlapping 95%
confidence intervals. We evaluated the problem of publication
bias (not publishing negative results as frequently) with the
Rosenthal’s fail-safe test. Using an alpha value of 0.05 the
Rosenthal test tells you the number of values that would need
to be added to the analysis to change the significance of the
results (Rosenthal, 1979).We also used t-tests to evaluate whether
means of the response ratios were significantly different from
zero.
Control and fertilized N:P ratios were calculated for the entire
dataset as well as across ecosystems, families, and life forms.
Generally speaking, sample sizes were smaller for these analyses
in comparison to the Metawin approach because the dataset
used only studies that included both foliar N and P responses to
fertilization (Appendices A, B in Supplementary Material). The
percent change in N:P following fertilization was calculated as
1N:P = (100 ∗ (
N:P fertilized−N:P control
N:P control
)).
RESULTS
Overall Patterns
Across all studies, fertilization with a specific nutrient elicited
an increase in foliar concentration of that nutrient. A positive
N response occurred after N or NP fertilization (e.g., RRN
significantly > 0), and similarly, a positive P response (RRP
significantly > 0) occurred after fertilization with P or
NP (Table 1; Figure 1A). We also investigated whether the
magnitude of each response ratio differed from one another due
to the three different types of fertilizations.We found RRN >RRP
with the addition of N and RRP > RRN with the addition of P, but
these response ratios were not different from one another when
both nutrients were added together (Table 2).
TABLE 1 | Summary statistics, including P-value, and Rosenthal’s fail safe test value, resulting from MetaWin analyses conducted for RRN and RRP
response ratios with comparisons between nitrogen (N), phosphorus (P), and nitrogen and phosphorus (NP) fertilizations.
Response ratio Comparison of fertilizations P-value Rosenthal’s Fertil-ization Type n Mean 95% CI t-value P-value
RRN N vs. P vs. NP 0.0004 130862.2 N 420 0.1792 0.0376 16.72 <0.0001
P 65 0.0305 0.0737 1.17 0.246
NP 253 0.2182 0.0542 15.78 <0.0001
RRP N vs. P vs. NP 0.0002 9601.2 N 125 −0.058 0.0733 −2.98 0.004
P 60 0.2057 0.0974 7.03 <0.0001
NP 147 0.2142 0.0732 6.49 <0.0001
Summary statistics resulting from t-test analyses conducted on RRN and RRP response ratios when fertilized with N, P, and NP. Summary statistics include sample size (n), mean, 95%
confidence interval (CI), t-value and p-value (indicating when mean is significantly different from zero). P-values that are in bold are significant at 0.05 level or less.
Frontiers in Earth Science | www.frontiersin.org 3 March 2016 | Volume 4 | Article 23
Ostertag and DiManno Meta-Analysis: Foliar Nutrients after Fertilization
FIGURE 1 | Symbols illustrate mean ± 95 CI differences between RRN and RRP response ratios when fertilized with +N, +P, and +NP (A), or N:P,
mean ± 95 CI, differences between control and fertilized (+N, +P, +NP) treatments (B).
TABLE 2 | Summary statistics, including P-value, and Rosenthal’s fail safe
test value, resulting from MetaWin analyses conducted for comparisons
between RRN and RRP response ratios when fertilized with nitrogen (N),
phosphorus (P), and nitrogen and phosphorus (NP).
Fertilization Comparison of responses P-value Rosenthal’s
N RRN vs. RRP 0.0002 45887.6
P RRN vs. RRP 0.0002 1985.7
NP RRN vs. RRP 0.9592 36056.4
P-values that are in bold are significant at 0.05 level or less.
An alternative way of examining the data is to compare N:P
ratios before and after fertilization (+N, +P and +NP). We
found N:P ratios to increase significantly after N fertilization
[t(79) = 7.94, P < 0.0001] and decrease significantly after P
fertilization [t(49) = −3.81, P < 0.0004], while no difference
in N:P ratios resulted from NP fertilization [t(127) = −1.38,
P = 0.1705; Figure 1B].
Climate, Ecosystems, and Competitive
Environment
Surprisingly, the two climate variables, temperature and
precipitation, were not good predictors of RRN or RRP. In
some cases there were significant effects, yet the R2 values were
too low to suggest strong relationships (Appendices A and B
in the Supplementary Material). Thus, we are unable to draw
conclusions of N or P limitation based on precipitation or
temperature.
RRN > 0 was seen in 12 of 14 ecosystems fertilized with N
and 8 of 15 ecosystems fertilized with NP. Ecosystem responses
differed significantly with non-forested wetland showing the
largest response and temperate coniferous forest showing the
smallest response to both fertilization treatments (Figures 2A,C;
Table 3). N fertilization resulted in 2 of 13 ecosystems (non-
forested wetland and temperate coniferous forest) showing a
negative RRP response, indicating a nutrient interaction effect,
with no difference between the ecosystems (Figures 2B,D;
Table 3).
RRP > 0 was seen in 5 of 10 ecosystems fertilized with
P and 9 of 13 ecosystems fertilized with NP. Ecosystem
responses differed significantly with temperate grassland and
tropical montane wet forest showing the largest response
for the P and NP fertilization treatments, respectively, while
temperate deciduous forest showed the smallest response for both
treatments (Figures 2E,F; Table 3).
Competitive environment influenced the foliar nutrient
response. Plants fertilized as individuals had a larger RRN
after N or NP fertilization response than those planted
in interspecific or intraspecific combinations (Figures 3A–C;
Table 3). For RRP plants in intraspecific combinations after P
fertilization had the largest responses (Figures 3D,E; Table 3).
There was no significant difference in RRP between the
competitive environments when fertilization with NP was
conducted (Figure 3F; Table 3).
Family and Life Forms
RRN increases were seen in 14 of 33 families fertilized with
N, one of 12 fertilized with P, and four of 26 fertilized with
NP. Significant differences in RRN were found between the
families with Ericaceae, Cyperaceae, and Ginkgoaceae showing
the greatest responses to N fertilization (Figure 4A; Table 3).
Poaceae was the only family that resulted in a positive RRN
response when fertilized with P (Figure 4B; Table 3), indicating a
nutrient interaction for this family. Significant differences of RRN
were not found among the four families (i.e., Ericaceae, Poaceae,
Myrtaceae, and Pinaceae) that showed positive responses to NP
fertilization (Figure 4C; Table 3).
A positive RRP response to P and NP fertilization was found
for three of 12 families fertilized with P and six of 22 families
fertilized by NP. RRP response of Ericaceae was found to be
greater after P fertilization than Fabaceae, while the response of
Cyperaceae, Ericaceae, and Myrtaceae were found to be greater
than Fabaceae after NP fertilization (Figures 4E,F; Table 3). An
interaction effect was evidenced by negative RRP responses to N
fertilization for 3 out of 18 families, suggesting an interaction
effect. Across these three families Ericaceae had a significantly
greater RRP response than Pinaceae (Figure 4D; Table 3).
All life forms except ferns demonstrated positive responses
to N fertilization, with shrubs showing the greatest RRN
response (Figures 5A,C; Table 3). An interaction effect was
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FIGURE 2 | Symbols illustrate RRN, means ± 95 confidence interval (CI), across ecosystems with nitrogen (N), phosphorus (P), and nitrogen and
phosphorus (NP) fertilizations (A–C respectively), or RRP, means ± 95 confidence interval (CI), across ecosystems with nitrogen (N), phosphorus (P),
and nitrogen and phosphorus (NP) fertilizations (D–F respectively). Ecosystems abbreviations used were: ALPTUN, (Alpine Tundra); ARCTUN, (Arctic Tundra);
BOREAL, (Boreal Forest); DESERT, (Desert); FORWET, (Forested Wetland); MEDFIE, (Mediterranean Field); MEDSHR, (Mediterranean Shrubland); NONFOR,
(Non-forested Wetland); PLANTA, (Plantation); SAVANN, (Savanna); TEMCON, (Temperate Coniferous); TEMDEC, (Temperate Deciduous); TEMGRA, (Temperate
Grassland); TEMSHR, (Temperate Shrubland); TRODRY, (Tropical Dry Forest); and TROWET, (Tropical Wet Forest). Asterisks represent RR values that are not
significantly different from zero.
found for graminoids which showed a positive RRN response to P
fertilization (Figure 5B; Table 3). Positive fertilization responses
were found for shrubs and trees when fertilized with P and for
all life forms except ferns when fertilized with NP (Figures 5E,F;
Table 3). Shrubs had the greatest RRP response to P fertilization.
Yet, no significant differences in RRP response were found
between life forms fertilized with NP. An interaction effect was
noted for forbs, shrubs, and trees because of the negative RRP
response to N fertilization (Figure 5D; Table 3).
Ratios of N:P as an Alternative Indicator
N:P ratios, a common tool used to infer nutrient limitation,
were compared across ecosystems, families, and life forms in
order to assess whether we can infer N or P limitation based
on shifts in N:P ratio following fertilization (Figures 6, 7, see
Appendix C in Supplementary Material for sample sizes). For
instance, a significantly greater N:P ratio when fertilized with N
or NP compared to the control suggests N limitation. Similarly, a
smaller N:P ratio when fertilized with P or NP compared to the
control could indicate P-limitation.
Using these criteria, we found suggestions of N-limitation
for five of the 13 ecosystems, five of the 15 families, and two
of the five life forms fertilized with N. Similarly, we found
suggestions of P-limitation for four of the 10 ecosystems, four
of the 10 families, and one of the four life forms fertilized
with P. After NP fertilization we found that the majority of
changes across ecosystems, families, and life forms were driven
by P concentrations, due to the significant decreases rather than
increases in N:P ratios (Figures 6, 7).
Publication Bias and Rosenthal’s Value
Rosenthal’s fail-safe test provides the number of values that
would need to be added to the analysis to change the
significance of the results, and therefore serves as a measure
of publication bias. Large Rosenthal values provided for the
entire dataset analyses indicate low probability of publication
bias; all of our values (see Tables 1, 2) were larger than the
suggested cutoff of 5N +10, where N = number of cases
(Rosenberg et al., 2000). It should be noted though that
Rosenthal’s values were much lower for RRN responses to P
fertilizations and RRP responses to N fertilizations (Table 3),
a likely publication bias because very few P fertilization
studies measure N concentrations (see Appendices A, B in
Supplementary Material for sample sizes). See Appendix D in
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TABLE 3 | Summary statistics, including P-value, and Rosenthal’s fail safe test value, resulting from MetaWin analyses conducted for RRN and RRP
response ratios when fertilized with nitrogen (N), phosphorus (P), and nitrogen and phosphorus (NP) across categories: ecosystem type, competitive
environment, family, and life form.
Response Ratio Category N Fertilization P Fertilization NP Fertilization
P-value Rosenthal’s P-value Rosenthal’s P-value Rosenthal’s
RRN Ecosystem Type 0.0114 50703.2 0.7023 0 0.0002 11642.2
Competitive Environment 0.0048 54159.6 0.6309 0 0.015 12367
Family 0.0304 55652.4 0.3487 0 0.1318 9603.4
Life Form 0.0004 55008.2 0.1254 0 0.0172 14696.1
RRP Ecosystem Type 0.1098 303.6 0.0008 1987.7 0.0004 7489.3
Competitive Environment 0.058 282.1 0.0062 1605 0.1268 5894.9
Family 0.0418 179.4 0.0052 1515 0.0002 9133.1
Life Form 0.1458 233 0.0152 1602.1 0.1608 6450.3
P-values that are in bold are significant at 0.05 level or less.
FIGURE 3 | Symbols illustrate RRN, means ± 95 confidence interval (CI), across competitive environments: individual, interspecific, and intraspecific,
with nitrogen (N), phosphorus (P), and nitrogen and phosphorus (NP) fertilizations (A–C respectively), or RRP, means ± 95 confidence interval (CI),
across competitive environments: individual, interspecific, and intraspecific, with nitrogen (N), phosphorus (P), and nitrogen and phosphorus (NP)
fertilizations (D–F respectively). Asterisks represent RR values that are not significantly different from zero.
Supplementary Material for a list of studies used in the meta-
analysis.
DISCUSSION
Detecting Nutrient Limitation and the
Stoichiometry of N and P
Regardless of whether response ratios (RRN or RRP) or N:P
values are considered (Figures 1A–D), there is strong evidence
for N and P limitation in natural communities. Our results
mirror those of Elser et al. (2007), who conducted similar
types of analyses on nutrient enrichment across terrestrial,
freshwater, and marine ecosystems, but who used biomass as a
response variable. The consistency among the response variables
is remarkable, given that foliar nutrient concentrations vary for
many reasons not analyzed in this study (e.g., with laboratory
methods, age of leaves, canopy position, seasonality, study
duration, fertilization dosage, and type). Not only are foliar
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FIGURE 4 | Symbols illustrate RRN, means ± 95 confidence interval (CI), across familes, with nitrogen (N), phosphorus (P), and nitrogen and
phosphorus (NP) fertilizations (A–C respectively), or RRP, means ± 95 confidence interval (CI), across families, with nitrogen (N), phosphorus (P), and
nitrogen and phosphorus (NP) fertilizations (D–F respectively). Family abbreviations used were: Ace, (Aceraceae); All, (Alliaceae); Api, (Apiaceae); Ara, (Araceae);
Are, (Arecaceae); Ast, (Asteraceae); Avi, (Avicenniaceae); Bet, (Betulaceae); Bor, (Boraginaceae); Cec, (Cecropiaceae); Che, (Chenopodiaceae); Clu, (Clusiaceae); Cup,
(Cupressaceae); Cyp, (Cyperaceae); Cyr, (Cyrillaceae); Den, (Dennstaedtiaceae); Dic, (Dicksoniaceae); Eri, (Ericaceae); FAB, (Fabaceae); Fag, (Fagaceae); Gin,
(Ginkgoaceae); Ham, (Hamamelidaceae); Lam, (Lamiaceae); Lil, (Liliaceae); Myr, (Myrtaceae); Phy, (Phytolaccaceae); Pin, (Pinaceae); Poa, (Poaceae); Pol,
(Polygonaceae); Pos, (Posidoniaceae); Pro, (Proteaceae); Rha, (Rhamnaceae); ROS, (Rosaceae); RUB, (Rubiaceae); SAL, (Salicaceae); Sapi, (Sapindaceae); Sapo,
(Sapotaceae); The, (Theaceae); Woo, (Woodsiaceae); and Zyg, (Zygophyllaceae). Asterisks represent RR values that are not significantly different from zero.
nutrients logistically simpler than measuring plant growth rates,
but in the absence of nutrient supplementation experiments,
foliar nutrient analysis will provide a relative assessment of
nutrient status (Tanner et al., 1998).
Contrary to our predictions, but in agreement with Elser et al.
(2007), single nutrient additions of N and P when compiled
across many studies were approximately equivalent in response
(i.e., RRN after +N addition and RRP after +P addition,
Figure 1). There are many examples in individual studies, within
a single ecosystem or biome, that suggest that P concentrations
are inherently greater in magnitude and more variable than foliar
N concentrations (Güsewell and Koerselman, 2002; Campo and
Dirzo, 2003; Güsewell, 2004, 2005; Townsend et al., 2007; Ågren,
2008; Ostertag, 2010; Mayor et al., 2014). In the global aggregate
however, this meta-analysis supports the tight stoichiometric
coupling of N and P across ecosystems, taxa, and life forms.
The fact that N and P varied about the same order of
magnitude in response to fertilization also suggests that N:P can
be a useful index of nutrient limitation. We saw a general pattern
that with N fertilization N:P values increased (also seen in ameta-
analysis by Sardans et al., 2012), and with P fertilization N:P
decreased. Indeed, leaf N:P values have been widely adopted in
the literature as indications of N or P limitation (Güsewell and
Koerselman, 2002; Townsend et al., 2007; Ågren, 2008). Initial
work identified values<14 as indicative of N-limitation and>16
as indicative of P limitation (Koerselman and Meuleman, 1996).
In the ecosystems surveyed here in which RRN indicated N
limitation, N:P values ranged from 3.8 to 19.3 (mean = 10.5)
and for those in which RRP indicated P limitation, N:P values
ranged from 9.2 to 17.7 (mean = 13.0). Given the large range,
we agree with others that have pointed out that the ratios provide
useful information when used in a comparative context, but there
are unlikely to be universal cutoff values that determine the type
of nutrient limitation (Tessier and Raynal, 2003; Drenovsky and
Richards, 2004;McGroddy et al., 2004; Soudzilovskaia et al., 2005;
Townsend et al., 2007; He et al., 2008). Ratios of N:P vary with
more than just soil nutrient availability; for instance, values can
be influenced by species and phylogeny (Townsend et al., 2007),
seasonality (Townsend et al., 2007; Rivas-Ubach et al., 2012),
environmental stress (Rivas-Ubach et al., 2012), and tissue type
and age (Schreeg et al., 2014). Thus, we strongly suggest that
determining a cut-off value to indicate N or P limitation should
be a site-specific endeavor.
Under +NP fertilization, examination of foliar nutrients
did not yield a synergistic nutrient response, unlike meta-
analyses that focused on biomass production (Elser et al., 2007;
Harpole et al., 2011). New growth causing a dilution of nutrient
concentrations is the most logical explanation for our results
(Jarrell and Beverly, 1981). In addition, the timing of sample
collection relative to fertilization events may be important, as
foliar nutrient changes may be shorter-lived or occur before
growth responses, making them difficult to detect. For example,
in the Alaskan tundra, Shaver and Chapin (1995) demonstrated
that growth responses could occur a year after fertilization; in
spruce and pine stands a single fertilization can affect conifer
growth for 7–10 years (Pettersson and Högbom, 2004). The
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FIGURE 5 | Symbols illustrate RRN, means ± 95 confidence interval (CI), across life forms: fern, forb, graminoid, shrub, and tree, with nitrogen (N),
phosphorus (P), and nitrogen and phosphorus (NP) fertilizations (A–C respectively). Symbols illustrate RRP, means ± 95 confidence interval (CI), across life
forms: fern, forb, graminoid, shrub, and tree, with nitrogen (N), phosphorus (P), and nitrogen and phosphorus (NP) fertilizations (D–F respectively). Asterisks represent
RR values that are not significantly different from zero.
timing of the foliar nutrient increases after fertilization in relation
to growth responses is generally unknown. More mechanistic
studies are required to determine the level of decoupling of foliar
nutrient concentration and growth responses under a wide range
of environmental conditions.
This meta-analysis contains hints of multiple elemental
limitations, which deserves much more intense study through
experimentation, given that it may be common in terrestrial
ecosystems (Vitousek et al., 2010; Harpole et al., 2011;
Wright et al., 2011). A consistent result across the entire
data set was the interaction between N and P (Figure 1);
fertilizing with N decreases RRP by about 130% and fertilizing
with P decreases RRN by about 80%. Similar patterns were
noted across ecosystems, families, and life forms, particularly
for the decrease in RRP with +N. Why do we see this
asymmetry?
In the case of N fertilization affecting foliar P levels, several
studies demonstrate that N fertilization increases phosphatase
enzyme activity within ecosystems (Treseder and Vitousek,
2001; Wang et al., 2007), for both plant and soil phosphatases
(Marklein and Houlton, 2012). The additional N plants receive
via fertilization may therefore be allocated to phosphatase
activity, enhancing P uptake, which in theory should lead to
increased foliar P concentrations. This result was seen in a
regional study in the northeastern US, where higher foliar P
concentrations were noted in areas with higher N deposition
rates (Crowley et al., 2012). Allocation to mycorrhizae may be
an alternative or synergistic mechanism; for example, nitrogen-
fixing trees in lowland wet tropical forests in Costa Rica had
greater phosphatase enzyme activity and greater arbuscular
mycorrhizal colonization than non-fixers (Nasto et al., 2014).
However, a contrasting hypothesis better fits the data from
this meta-analysis: that additional N inputs push a system
closer to N saturation, shifting the balance toward P limitation,
perhaps because the accompanying soil acidification slows P
mineralization (Harrison, 1982), or because there is less effective
P uptake via negative effects of fertilization on root biomass,
length, and/or mycorrhizal activity and diversity (Ostertag, 2001;
Treseder, 2004; Porras-Alfaro et al., 2007). It is also important
to note that the additional N does not quantitatively add new P
molecules to the ecosystem, but only changes the cycling rates
(Vitousek et al., 2010).
In the case of P fertilization affecting foliar N levels, Vitousek
et al. (2010) suggested that fertilizing with P can actually
quantitatively increase the amount of N in an ecosystem, due to
the stimulation of N-fixation by N-fixing plants and microbes.
Evidence for this hypothesis comes from greater N-fixation
rates in P-fertilized plots in a tallgrass prairie (Reed et al.,
2007); in theory, N-fixing plants should have higher foliar N
concentrations. While this mechanism is plausible, it seems
unlikely to explain our results. First, the response is in the wrong
direction because in our meta-analysis, there is a decline in RRN
relative to RRP. Second, many of the studies analyzed in this
meta-analysis did not feature N-fixing plant species, although the
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FIGURE 6 | Symbols illustrate N:P ratio, mean ± 95 CI, differences between control and fertilized (+N, +P, +NP) treatments (A–C respectively) across
ecosystems. Ecosystem abbreviations used were: ALPTUN, (Alpine Tundra); ARCTUN, (Arctic Tundra); BOREAL, (Boreal Forest); DESERT, (Desert); FORWET,
(Forested Wetland); MEDFIE, (Mediterranean Field); MEDSHR, (Mediterranean Shrubland); NONFOR, (Non-forested Wetland); PLANTA, (Plantation); SAVANN,
(Savanna); TEMCON, (Temperate Coniferous); TEMDEC, (Temperate Deciduous); TEMGRA, (Temperate Grassland); TEMSHR, (Temperate Shrubland); TRODRY,
(Tropical Dry Forest); TROWET, (Tropical Wet Forest).
possibility of free-living N-fixers in the soil being stimulated by
the external P inputs cannot be ruled out (Reed et al., 2011).
What seems plausible to explain themeta-analysis results is that P
fertilization is shifting ecosystems toward N limitation; Vitousek
et al. (2010) outlines this possibility in P-fertilized ecosystems or
those where atmospheric dust containing P is transferred long
distances.
Trends in RRN and RRP across Climatic
Gradients and Ecosystems
Surprisingly, there were not strong patterns in RRN and RRP
across global climate gradients of mean annual temperature
and precipitation. We expected to find increasing RRN and
RRP with increasing temperatures based on studies that have
shown foliar N and P to decrease with increasing temperatures
(McGroddy et al., 2004; Reich and Oleksyn, 2004; Han et al.,
2005; Sardans et al., 2011). Furthermore, we expected to find
increasing response ratios, especially RRP, with increasing levels
of precipitation based on a global meta-analysis that found
P availability in soil to decrease with increasing precipitation
(Ordoñez et al., 2009). At a smaller scale, foliar P was
correlated with mean annual precipitation gradient (350–
1400mm) across >3500 plots representing the Mediterranean
ecosystems of NE Spain (Sardans et al., 2011). We may not
have found a strong trend across these climatic variables
due to confounding factors, such as community composition,
substrate, and altitude. For example, similar to our results,
Alvarez-Clare and Mack (2011) found in wet tropical forests
that mean annual precipitation was not correlated with foliar
N or P. The abundance of legumes was suggested as a
confounding factor because the legume abundance varied across
their rainfall gradient (3500–5500mm). In addition, this meta-
analysis may differ from temperature and rainfall gradient studies
for two important reasons: (1) we assessed changes in foliar
concentrations following fertilization rather than solely trends in
foliar quality across climatic gradients, and (2) our study included
a wider range of mean annual temperature and precipitation
values than other literature (−13.7–32.0◦C and 102–7800mm).
In contrast, comparisons of foliar nutrient responses across
ecosystem categories suggest nutrient limitations. Two previous
meta-analyses focusing onN limitation are in agreement with our
results, although both of these focused on ANPP and not foliar
nutrient concentrations. LeBauer and Treseder (2008) showed
that across all studies there was no correlation between ANPP
response ratio and latitude, MAP, or MAT, but they did find
that N limitation was evident in temperate forest, tropical forest,
temperate grassland, tropical grassland, wetlands, and tundra,
which agree fully with our results (Appendix A in Supplementary
Material). In addition, Yahdjian et al. (2011) focused more
intensively on arid-subhumid ecosystems (MAP/PET ratio from
0.05 to 0.75), which they argued have been under-sampled in
the two other main meta-analyses (Elser et al., 2007; LeBauer
and Treseder, 2008). They found that ANPP after N fertilization
increased by 50% across all studies; we found that deserts
responded positively to N fertilization. It is therefore encouraging
that all studies converge on the same conclusions despite using
different response variables. It is also encouraging that their
analyses found that the effect of N-application rate, and duration
of time from fertilization to field measurement (LeBauer and
Treseder, 2008), and the form of fertilizer applied (LeBauer
and Treseder, 2008; Yahdjian et al., 2011) did not significantly
influence the growth response. These results provide reassurance
that fertilizer studies can be compared, despite differences in
methodology.
Because N fertilization experiments greatly outnumber P
fertilization trials, it is difficult to discern the absolute importance
of N vs. P vs. co-limitation across ecosystems. In addition, as
pointed out by Sullivan et al. (2014), fertilization experiments
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FIGURE 7 | Symbols illustrate N:P ratio, mean ± 95 CI, differences between control and fertilized (+N, +P, +NP) treatments (A–C respectively) across
families. Family abbreviations used were: ACE, (Aceraceae); ALL, (Alliaceae); AST, (Asteraceae); AVI, (Avicenniaceae); BET, (Betulaceae); CEC, (Cecropiaceae); CHE,
(Chenopodiaceae); CYP, (Cyperaceae); DEN, (Dennstaedtiaceae); DIC, (Dicksoniaceae); ERI, (Ericaceae); FAB, (Fabaceae); FAG, (Fagaceae); GIN, (Ginkgoaceae);
LAM, (Lamiaceae); MYR, (Myrtaceae); PHY, (Phytolaccaceae); PIN, (Pinaceae); POA, (Poaceae); POL, (Polygonaceae); POS, (Posidoniaceae); PRO, (Proteaceae);
RHA, (Rhamnaceae); ROS, (Rosaceae); RUB, (Rubiaceae); SAL, (Salicaceae); and WOO, (Woodsiaceae). Symbols illustrate N:P ratio, mean ± 95 CI, differences
between control and fertilized (+N, +P, +NP) treatments (D–F respectively) across life forms: fern, forb, graminoid, shrub, and tree.
are more common in ecosystems with short-statured plants,
such as grassland, shrubland, and tundra. While our data
set does have a considerable number of forest studies (see
Appendices A, B in Supplementary Material for sample sizes),
the sample sizes are quite unequal among ecosystems. Despite
these caveats, it is striking that our results did not follow
“conventional wisdom” that temperate ecosystems are N-limited
and tropical ones are P-limited, a conclusion based on soil age,
weathering processes, and litterfall patterns (Walker and Syers,
1976; Vitousek, 1984; McGroddy et al., 2004). If we assume
that foliar response can detect nutrient limitation, then alpine
tundra, Arctic tundra, boreal forests, non-forested wetlands,
plantations, temperature coniferous forest, temperate deciduous
forest, temperate grasslands, and tropical wet forest were all
both N-limited and NP co-limited. Furthermore, temperate
deciduous forest, temperate grasslands, temperature shrublands
and tropical wet forest showed patterns of being both P-
limited and NP co-limited. These results agree with other recent
studies that have found co-limitation to occur in temperate
(Niinemets and Kalevi, 2005; Vadeboncoeur, 2010) and tropical
(Wullaert et al., 2010) ecosystems. P-limitation or co-limitation
in temperate systems might occur because: (1) until recently
P limitations have not been investigated as rigorously as N
limitations in the temperate systems (Vadeboncoeur, 2010), and
(2) increased N deposition and its physiological consequences
are shifting the nature and extent of nutrient limitations (Von
Oheimb et al., 2010). Similarly, some tropical forests have been
found to have N-limitation due to substrate age and type that
does not fit the norm for tropical systems (Domingues et al.,
2010). This study and two others (Elser et al., 2007; LeBauer and
Treseder, 2008) all demonstrate that there does not appear to
be a consistent latitudinal trend in nutrient limitation. We argue
that a broader mindset needs to be employed when considering
nutrient limitation, taking into account that many factors beyond
soil age and climate. Some of these factors are: soil alkalinity
(Drenovsky and Richards, 2005), fire (Sardans et al., 2006; Stock
and Verboom, 2012), flooding (Day, 1987; Feller et al., 2007), size
class (Alvarez-Clare et al., 2013), species and phylogeny (Alvarez-
Clare et al., 2013), and anthropogenic disturbance (Gariola et al.,
2009).
Influences of Taxonomy and Attributes of
Experimental Design on RRN and RRP
It is important to note that this study cannot make definitive
conclusions about the relative importance of N and P limitation
for these families, because of the paucity of fully reciprocal
fertilization experiments. In addition, key families such as the
Proteaceae, known to thrive under low nutrient conditions
(Witkowski, 1990; Lambers and Shane, 2007; Stock and
Verboom, 2012) and to have adaptations for efficient P use (de
Campos et al., 2013), could not be included due to low sample
sizes (i.e., not enough fertilization experiments). However, some
interesting phylogenetic patterns were observed. Families that
demonstrated nutrient limitation were often those that are
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dominants in nutrient-poor ecosystems. For example, Ericaceae
is able to thrive on acidic and infertile soils due to special root
mycorrizhal associations with fungi that maximize its uptake of
nutrients (Lambers et al., 2008), and in this study the family
was suggested to be N-, P-, and co-limited. Cyperaceae also has
specialized root adaptations for low P soils (Lambers et al., 2008)
and is common in many herbaceous communities; it was likely
to be N- and co-limited. Two notable ectomycorrhizal families
were Pinaceae, abundant in temperate coniferous and boreal
forests and Fagaceae, often found on low-nutrient soils associated
with temperate forests, Mediterranean shrublands, and tropical
montane forests (Manos and Stanford, 2001). Finally, Fabaceae
responded to fertilization with P and NP; as many species are
nitrogen-fixing, the N added to soils from these species could be
influencing the rates of P cycling (Vitousek et al., 2010).
Differences among life forms were also noted. A meta-
analysis of foliar nutrient concentrations conducted on 753
Chinese species found N and P concentrations to be higher
in herbs than woody plants (Han et al., 2005). The difference
was explained by opposite growth form strategies, in which
herbs are short-lived and fast-growing thus cycling nutrients at
a faster rate than the longer-lived slow-growing woody species.
Our meta-analysis suggested co-limitation for herbs, graminoids,
shrubs, and trees but the significant differences in responses
between life forms are difficult to decipher. The lack of clear
patterns across the different life forms is most likely due to
interactions with the families and ecosystems in which they
exist.
We conducted an analysis across competitive environments
in order to assess if this detail of experimental design might
influence the magnitude of nutrient response. We found
greater RRN for plants fertilized individually, rather than
for plants with other individuals and thus undergoing inter-
or intra-specific competition. These results were expected
because growing a plant individually removes competition,
thus allowing that plant greater access to the nutrients
provided. The small pool of P data available for plants
fertilized individually made it difficult to draw conclusions
on this category, but we would have expected RRP to follow
the same pattern seen in RRN. There was no difference
between combinations of plants for RRN, yet for RRP
the response was greater when plants were fertilized in
intra-specific combinations than inter-specific combinations.
However, based on niche partitioning theory we would have
expected the opposite result: mixtures of species would have
greater nutrient levels because of access to different nutrient
pools via mechanisms such as rooting depth (Reynolds et al.,
2003; Rennenberg and Schmidt, 2010). Evidence for this
complementarity mechanism is readily available in the forestry
literature comparing monocultures and polycultures (Oelmann
et al., 2010; Richards and Schmidt, 2010). A larger sample size
and more equal sampling among categories are required to make
definitive conclusions.
Sample Size and Publication Bias
Historically, N has been a nutrient well studied in terrestrial
systems. It has not been until recent years that the importance
of P limitation for these ecosystems has become documented
and that more studies have begun to examine the ecology
surrounding P. This is evident in the much smaller sample
sizes for RRP found in our dataset. Unfortunately, this made it
impossible to make some cross-comparisons between categories
for RRN and RRP. In assessing the Rosenthal’s values across
the different categorical analyses we found the power of our
results weakened by poor sample size for RRN with +P and
to a lesser extent RRP with +N (Table 3). Uneven sample sizes
are also evident across ecosystems and this has a cascading
effect on other categories such as families and life forms. For
instance, temperate coniferous and deciduous forests have 3-10-
fold greater sample sizes than the other ecosystems, Pinaceae
and Fagaceae were very well represented, and contributed to
the number of trees being 3-80-fold greater than the other life
forms.
CONCLUSIONS
The value of meta-analysis—combining many studies together
to discern broad scale patterns—is also its weakness, in that
fertilization experiments differ in many ways. Meta-analyses
will always have bias (Osenberg et al., 1999). In this case,
the ecosystems where ecologists have worked is non-random,
publication rates may be lower for negative results, there are
fewer studies on P, and differences in laboratory analytical
techniques in nutrient measurements might influence N and P
values. Yet, despite these known factors our overall results were
strongly significant and consistent across categories. Therefore,
meta-analysis has proved a valuable tool in examining foliar
nutrient responses to fertilization, providing evidence for the
following: (1) magnitudes of response to +N and +P are
similar for RRN and RRP, respectively, (2) parallel patterns
exist in RRN and RRP to what would be predicted with N:P
stoichiometric theory, (3) climate is not a good predictor
of RRN or RRP, but response ratios do vary in predictable
ways across families, ecosystems, life forms, and competitive
situations, and (4) fertilization studies show interactions between
N and P and evidence of co-limitation in many situations.
In order to understand N/P interactions, we put out a
methodological plea: studies need to measure both N and P
simultaneously because our sample sizes clearly show that most
individual experiments that fertilize with one nutrient usually
do not measure the other nutrient in plant tissue. While foliar
nutrient concentrations are just one tool in the toolbox (sensu
Sullivan et al., 2014) to determine nutrient limitation, the
fact that our results confirm known ecological patterns about
ecosystems offers reassurance that foliar nutrient responses to
fertilization are a valuable and simple assessment of nutrient
limitation.
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